To investigate the effect of resistance and endurance training on muscle proteome expression, samples of vastus lateralis from 10 physically active young men were analysed by 2-dimensional electrophoresis (2-DE) and matrix-assisted laser desorption ionization time-of-flight mass spectrometry (MALDI-TOF MS). Differential patterns of protein expression were determined after 4 weeks of endurance or resistance exercise training. Following endurance exercise training, carbonic anhydrase III immunoglobulin heavy chain, myosin heavy chain 1, titin, chromosome 12, and fructose-1,6-bisphosphatase 2 were up-regulated while pyruvate kinase 3 isoform, ubiquitin carboxyl-terminal hydrolase, and phosphoglucomutase were down-regulated. After the 4 weeks of resistance exercise training, five proteins, apolipoprotein A-IV precursor, microtubule-actin cross linking factor 1, myosin light chain, growth hormone inducible transmembrane protein, and an unknown protein were up-regulated and pyruvate kinase 3 isoform, human albumin, and enolase 3 were down-regulated. We conclude that endurance and resistance exercise training differently alter the expression of individual muscle proteins, and that the response of muscle protein expression may be associated with specific myofibre adaptations to exercise training. Proteomic studies represent one of the developing techniques of metabolism which may substantially contribute to new insights into muscle and exercise physiology.
INTRODUCTION
Skeletal muscle is capable of highly specific metabolic and morphological adaptations in response to acute/repeated bouts of contractile activity. Contractile activity-induced adaptations in skeletal muscle are dependent upon the type of exercise (i.e. resistance or endurance), as well to its frequency, intensity and duration [1] . In particular, exercise modulates muscle protein synthesis and degradation [16] .
Thus, physical activity is an important regulator of protein synthesis and gene transcription in skeletal muscle [21] . Specific proteins determine contractility properties that are characterized by significant morphological and biochemical differences [17] .
The molecular mechanisms underlying exercise-induced muscle adaptation where analysed by Sangdun et al. [17] , who determined mRNA expressions in mouse skeletal muscle following a single bout of running. The findings of that study suggested that skeletal muscle undergoes a phase of active cellular remodelling after a single bout of running. Transcriptional or translational activities of a specific gene cannot give a precise index of protein synthesis and protein changes at the gene level; cells, blood or tissue information needs to be clarified. In spite of accumulation of specific proteins [12] , after exercise training, little is known about the specific signalling molecules and pathways that enable exercise to modulate cellular processes in skeletal muscle. Furthermore, there have been few studies [5, 9, 11, 22] on quantitative analysis of alterations in protein expression related to exercise.
Currently, proteomics denotes nearly any type of technology focusing on protein analysis by 2-dimensional electrophoresis combined with matrix-assisted laser desorption ionization time-offlight mass spectrometry (MALDI-TOF MS) providing information on a single protein to thousands of proteins in a single experiment.
The use of these methods is to provide extensive information on the biochemical properties of proteins in living systems. Its major goal is to create an inventory of all human proteins and a molecular protein atlas of cells, organs and tissues highlighting protein-protein interactions, the development of specific informational databases and identification of specific markers of pathological processes or exercise interventions [10] .
Only a few studies of the effects of exercise on protein expression have been undertaken, and then mostly using animal models [5, 9, 17] .
Takahashi and Kubota reported on the changes in protein expression after prolonged swimming exercise and the authors suggested that there existed a close link between exercise and skeletal muscle differentiation [19] . One study reported human muscle proteomic expression response to interval exercise training [11] . However, no information was recorded on human muscle protein expression according to different types of exercise training, either qualitatively or quantitatively. The purpose of the present study was to identify proteins as bio-markers which relate to different types of exercise, using 2-DE and MS. The subjects gave their free consent after having been fully informed of the experimental procedures and any risk or discomfort associated with the experiment. This investigation has been approved by the Ethical Committee of Korea National Sport University.
MATERIALS AND METHODS

Subjects
Overview of experimental design
After a week of adaptation, both groups performed training exercise for a period of 4 weeks using one leg, the collateral leg serving as a control. For the endurance group, training comprised bicycle exercise at a speed of 70 rpm · min -1 for 1 hour per day for 5 days a
week. The exercising leg was secured to the pedal by means of a toe clip. The resting leg was placed on a stool. For the resistance group, training comprised extensions and flexions of the quadriceps of one leg, on a KinCom isokinetic dynamometer, with 10 × 10 sets at 90° · s -1 and 180° · s -1 with 1 minute rest between each set. Training was undertaken daily and maintained for 4 weeks. All sessions were supervised by the researcher's team.
Muscle biopsies
Percutaneous muscle biopsies were taken from both the trained and untrained legs before and after 4 weeks of training. Initial biopsies were taken 1 week before the initiation of exercise to allow for adequate healing. Muscle samples were obtained under local anaesthesia from the vastus lateralis muscle using the percutaneous needle biopsy technique [2] . Muscle samples were immediately frozen in liquid nitrogen for proteomic assays. All muscle samples were stored at -80°C until analysed.
Protein preparation
Muscle samples were solubilised in 600 µL sample buffer composed of 7 M urea, 2 M thiourea, 4% CHAPS, 0.5% ampholyte, 100 mM DTT, 40 mM Tris, 0.002% bromophenol blue, protease inhibitor (Roche, Penzberg, Germany), and DNase. The sample was sonicated for approximately 10 s, 10 times with 10 s intervals.
The sample was then incubated at 4°C for 30 min and centrifuged for 45 min at 35,300 rpm. The supernatant was collected, and its protein concentration was determined using the Bradford assay kit (Bio-Rad, USA). For each tissue, a protein sample of 75 mg was used for 2-DE.
Two-dimensional polyacrylamide gel electrophoresis and image analysis
The protein was mixed with sample buffer to obtain a total volume of 400 µl, which was applied to 18 cm long immobilized pH 3-10 nonlinear gradient (IPG) strips. The first dimension isoelectric separation was made on IPG of 3.10 L (240 × 3 × 0.5 mm) dry strips (Amersham Pharmacia Biotech, UK) using an Ettan IPGphor Isoelec- Integrated signal intensities were analysed quantitatively using Image Master Platinum 5 (GE Healthcare). Two independent observers visually confirmed the differential expression. Increased and decreased spots over 2-fold in treated muscle compared with control were manually excised and subjected to in-gel tryptic digestion using the procedure described.
In order to limit the influence of the transfer effect of exercise training in both legs, the spots which were changed in the untrained leg were excluded in the image analysis.
Trypsin digestion of proteins in-gel
Gel spots were picked with an end-cut yellow tip and the selected piece was transferred into a 1.5-mL Eppendorf tube and then washed with 100 µL of distilled water. The gel pieces were mixed with 50 µL The gel pieces were then dried in a Speed Vac for 10 min and 5 µL of trypsin was added; the gel pieces were left on ice for 45 min.
After that they were incubated at 37°C for 12 h.
MALDI-TOF MS analysis
Peptide mass fingerprinting was performed at the Yonsei Proteome (Table 1 ). The down-regulated proteins were pyruvate kinase 3, ubiquitin carboxyl-terminal hydrolase L5, and phosphoglucomutase ( Table 2) .
RESULTS
Identification
Identification of protein spots on two-dimensional gels after 4 weeks of resistance training
The present study extends previous studies by identifying several proteins, such as microtubule-actin cross linking factor 1 and myosin light chain, which are associated with muscular function. After 4 weeks of resistance training, the protein profiles revealed about 800-900 spots. Most protein spots were obtained in the range of PI 3-10 and 1000 µg of muscle protein were applied for separation. Nine protein spots were significantly changed by resistance training. The up-regulated proteins were apolipoprotein A-IV precursor microtubule-actin cross linking factor 1, myosin light chain, and growth hormone inducible transmembrane protein (Table 3) , whereas the down-regulated proteins were human albumin, enolase 3, and an unknown protein (Table 4) . The increase in myosin heavy chain expression with endurance training is consistent with previous work with trained muscle [13] .
DISCUSSION
Both myosin heavy chain and titin are associated with muscle building, and that endurance training induced an increase in the expression of these proteins.
Carbonic anhydrase, a sarcoplasmic protein, was up-regulated By contrast, human albumin, enolase 3, and an unknown protein were down-regulated. All these proteins are related to HDL parameters, gluconeogenic enzyme, muscle contraction and muscle building.
Muscle building-related proteins, such as microtubule-actin cross linking factor and myosin light chain, were up-regulated (~2-fold).
Microtubule actin cross-linking factor (MACF) is classified as a member of the plakin family [3] . Human MACF was also reported as trabeculin-α, which shares similar reaction mechanisms with actin-binding proteins [15] . Regulatory myosin light chain (RLC) is related to the thin filament regulatory system as well as to the Ca 2+ sensitivity of ATPase activity [7] . At the molecular level, RLC helps cross bridges to move away from the thick filament backbone to become more accessible to actin during skeletal muscle contrac-tion [18] . It appears that the increase of those cytoskeletal proteins may enhance muscle function during exercise adaptations.
In addition, several specific proteins related to fatty acid metabolism are implicated in resistance training adaptation. Apolipoprotein A-IV (apo A-IV) was up-regulated after resistance exercise training (2.1-fold). The lipoprotein-related variable apolipoprotein A is inversely associated with coronary artery disease [6] . Therefore resistance exercise training may generate a higher level of this HDL-related parameter.
Several proteins involved in energy metabolism are differentially expressed when comparing endurance and resistance types of training.
However, we could not identify an increase in mitochondrial enzymes, which is indicative of a well-established response to exercise training.
Thus, the protein molecule biomarkers for exercise responses are still unclear. The current protein separation techniques do not yet allow one to identify all types of protein, but the proteomics approach applied to striated skeletal muscle investigations still appears to be one of the most promising techniques to understand the mechanisms of adaptations in physiological states.
CONCLUSIONS
In summary, 4 weeks of endurance and resistance exercise training in young male subjects altered the expression of several skeletal muscle proteins, some being up-regulated, others down-regulated.
The different responses of muscle protein expression between the two types of exercise training may be associated with differential myofibre adaptation. Proteomic studies could be applied to evaluate the functional adaptation to specific types of exercise conditions, but more developed techniques appear to be compulsory to better quantify those relative changes.
